Worldwide, apple juice is the second most popular juice, after orange juice. It is susceptible to enzymatic browning spoilage by polyphenoloxidase, an endogenous enzyme. In this study, Royal Gala apple juice was treated by thermosonication (TS: 1.3 W/mL, 58 C, 10 min), pulsed electric field (PEF: 24.8 kV/cm, 60 pulses, 169 ms treatment time, 53.8 C) and heat (75 C, 20 min) and stored at 3.0 C and 20.0 C for 30 days. A sensory analysis was carried out after processing. The polyphenoloxidase activity, antioxidant activity and total color difference of the apple juice were determined before and after processing and during storage. The sensory analysis revealed that thermosonication and pulsed electric field juices tasted differently from the thermally treated juice. Apart from the pulsed electric field apple juice stored at room temperature, the processed juice was stable during storage, since the pH and soluble solids remained constant and fermentation was not observed. Polyphenoloxidase did not reactivate during storage. Along storage, the juices' antioxidant activity decreased and total color difference increased (up to 6.8). While the antioxidant activity increased from 86 to 103% with thermosonication and was retained after pulsed electric field, thermal processing reduced it to 67%. The processing increased the total color difference slightly. No differences in the total color difference of the juices processed by the three methods were registered after storage. Thermosonication and pulsed electric field could possibly be a better alternative to thermal preservation of apple juice, but refrigerated storage is recommended for pulsed electric field apple juice.
INTRODUCTION
Apple is an important commodity, as in 2012, the total world production was estimated to be 76.4 million tons (FAO, 2013) . The world's premium apple variety, Royal Gala, is the most produced variety in New Zealand, with the highest export value. Royal Gala has sweet and crisp flavor which makes it suitable for juice and concentrate production. Apple juice is the second most popular juice drink worldwide, with rich nutritional value. Spoilage by browning is a problem that occurs when apple flesh is exposed to oxygen during processing and storage. This is caused by the activity of the endogenous enzyme polyphenoloxidase (PPO), which deteriorates the quality (Ferrar and Walker, 1996; Martinez and Whitaker, 1995; Queiroz et al., 2008; Va´mos-Vigya´zo´, 1981) .
Consumers demand fresh, convenient and durable processed fruit products, with natural flavor and taste. Thermal processing is known to ensure food safety and longer stability, but the high temperature employed could adversely affect the physicochemical properties and thermolabile nutrients such as vitamins and antioxidants. For example, a 30 s thermal treatment at 90 C caused 22-100% loss of volatile flavor compounds in apple juice (Aguilar-Rosas et al., 2007) . Thermally processed cloudy apple juice (90 C, 100 s) was more turbid than the fresh unprocessed juice (Krapfenbauer et al., 2006) . Additionally, Mosqueda-Melgar et al. (2012) reported that the overall sensory attributes of thermally treated (90 C, 1 min) apple juice changed significantly with the process. This has triggered research and developments in non-thermal processing technologies, such as high pressure processing (HPP), pulsed electric fields (PEF) and ultrasound of fruit juices/purees and other beverages (Evelyn and Silva, 2015a , 2015b , 2015c , 2016 Evelyn et al., 2016; Milani et al., 2015; Silva et al., 2012; Sulaiman et al., 2015a Sulaiman et al., , 2015b Tewari and Juneja, 2007) .
Power ultrasound is a promising food preservation technology (Evelyn and Silva, 2015a , 2015c , 2016 Evelyn et al., 2016; Feng and Yang, 2010; Sala et al., 1995; Sulaiman et al., 2015a; Terefe et al., 2015) in which the enzyme and microorganisms are inactivated due to the mechanical effects of cavitations caused by the formation and collapsing of micro-sized bubbles (Raviyan et al., 2005; Terefe et al., 2015) . The collapse of these unstable bubbles releases large amounts of energy, which is claimed to increase the temperature (up to 5000 K) and pressure (50 MPa) at a microscale. This rapid bubble explosion changes the environment, such as temperature, pressure, shear stress and pH, which could cause microbial and enzyme inactivation (Feng and Yang, 2010; Sala et al., 1995; Terefe et al., 2015) . PEF is a non-thermal preservation method that uses high voltage at extremely short processing time and relatively low temperature to inactivate enzymes and to produce microbiologically safe foods. It retains the fresh-like flavor without significant loss of nutrients. PEF involves the application of a short burst (ms or ms) of high voltage (15-80 kV/cm) to foods placed between two electrodes (Butz and Tauscher, 2002; Milani et al., 2015; Qin et al., 1996) . PEF and ultrasound can be used in combination with a mild thermal processing to increase the microbial inactivation efficiency of the process, the latter being called thermosonication (TS). In comparison with other emerging food preservation technologies (e.g. HPP), PEF and ultrasound can be operated in continuous mode which is an advantage for the high throughput required for industrial beverages.
Ultrasound and PEF enzyme or microorganism inactivation in apple juice, and the effect on quality after processing was the focus of several studies (Abid et al., 2014; Aguilar-Rosas et al., 2007; Bas¸lar and Ertugay, 2013; Bi et al., 2013; Charles-Rodrı´guez et al., 2007; Schilling et al., 2008; Sulaiman et al., 2015a ). Yet, no study was related to the sonication effects on PPO activity during storage. Direct ultrasonication (25 kHz, 0.30 W/mL, 20-60 C) of apple juice retained the ascorbic acid, total phenolics, flavonoids and flavanols well (Abid et al., 2014) . Bas¸lar and Ertugay (2013) reported improvement in the lightness of the apple juice after TS (24 kHz, 50-100 mm amplitudes, 50 and 60 C) due to the disintegration of enzymatic browning compound called melanin. Similarly, PEF (25 kV/cm to 35 kV/cm, 75 ms with an outlet temperature of 42 C) improved the lightness of apple juice and retained the antioxidant activity (Bi et al., 2013) . PEF (35 kV/cm, 1200 Hz) and thermal processing (90 C, 30 s) did not change the acidity, total phenolics or volatile compounds of the apple juice (Aguilar-Rosas et al., 2007) . Additionally, equal scores on sensory attributes (aroma, color, taste and sourness) of PEF (35 kV/cm, 394 pulses, 1575 ms, 40 C) and thermal (90 C, 1 min) pasteurized apple juices have been reported (Mosqueda-Melgar et al., 2012) . However, none investigated the quality during storage of apple juice treated by ultrasound, and only two reports on the quality of PEF-treated apple juice during storage were found (Evrendilek et al., 2000; Schilling et al., 2008) . The storage of Granny Smith apple puree after HPP (600 MPa, 20 C, 5 min) has been investigated. An increase in total color difference (TCD, see equation (2)) to 17.7 and 30% loss of total phenolics were observed in the apple puree after 21 days' storage in plastic pouches at 5 C (Landl et al., 2010) . No changes were detected in the browning index, lightness and PPO activity of Winterrambur apple juice processed by PEF (30 kV/cm, 173 Hz, 63 C) after 10 days' storage in glass bottles at 4 C (Schilling et al., 2008) .
However, previous studies with PEF and ultrasonicated apple juice did not investigate the PPO reactivation during storage. The processing of apple juice by PEF, ultrasound and heat followed by a comparison of juice quality during storage has not been investigated. The storage after processing with emerging technologies such as PEF and ultrasound is very important, as non-thermal technologies could promote chemical reactions which can enhance or deteriorate the juice quality during storage. Therefore, in this study, Royal Gala apple juice was processed by TS, PEF and thermal methods and stored for 30 days at 3 C and room temperature (20 C). The main objectives were to compare the effect of different processing techniques with partial PPO inactivation on the apple juice quality as follows: (i) overall taste of apple juice after processing; (ii) PPO reactivation during storage; (iii) antioxidant activity of Food Science and Technology International 23(3) apple juice after processing and during 30 days storage at 3 and 20 C; (iv) TCD of apple juice after processing and during 30 days storage at 3 and 20 C.
MATERIAL AND METHODS

Apple juice preparation and packaging
Apple (Malus domestica cv. Royal Gala) was sourced from a local fruit supplier (Brix: 12.0 AE 1.2, pH: 3.64 AE 0.07). The fruit was washed, cut into smaller pieces and blended using a commercial juicer. The juice was clarified by centrifugation at 4500 r/min, 4 C for 15 min. The prepared apple juice was stored in a À70 C freezer until processing, which happened within a week. Thawing was carried out at 4 C before any processing. Preliminary experiments and past studies with PPO enzyme revealed no effect of À70 C freezing/thawing and one week frozen storage at À70 C on PPO activity (Sulaiman and Silva, 2013; Sulaiman et al., 2015a Sulaiman et al., , 2015b . For TS and PEF treatments, 20 mL samples of apple juice were vacuum packed immediately after processing for storage. For thermal processing, 20 mL samples of the clarified apple juice were vacuum packed before the treatment in food grade retort pouches (150 mm Â 105 mm and 1 mm thick), composed of polyester coated with silicon oxide, laminated to nylon and cast polypropylene (PETSIOX(12)//ON(15)//RCPP(70)), which is able to withstand temperatures up to 130 C. The low oxygen transmission rate of the laminated pouch (<2 cc/m 2 / day) was suitable for room temperature and refrigerated storage experiments.
Experimental design
The TS, PEF and thermal processes targeted the inactivation of the endogenous apple browning enzyme PPO and not a microorganism, based on past results with PPO and preliminary experiments (Sulaiman et al., 2015a) . The processing conditions were selected to obtain partial and similar inactivation of apple PPO enzyme (<20% residual activity), since this enabled the study of enzyme reactivation during storage, one of the objectives of this study: TS at 1.3 W/mL and 58 C for 10 min, PEF at 24.8 kV/cm and 53.8 C for 169 ms, and thermal processing at 75 C for 20 min. The specific energy requirements for the mentioned TS, PEF and thermal processes were estimated in 930, 208 and 297 kJ/L, respectively, confirming that TS is a more energy demanding process. The following quality analyses were carried out before and after processing and during 1 month storage at 3 C and 20 C.
Triangle and ranking taste tests were carried out on TS, PEF, thermal treated and fresh unprocessed juices as described in 'Sensory assessments' section. A total of 9l of apple juice was processed and 1l was freshly juiced for the sensory assessments.
PPO residual activity, pH, soluble solids (Brix), antioxidant activity and TCD were analyzed before and after processing and during storage. Three replicates of TS, PEF and thermal processed samples were analyzed immediately after processing and after 1, 7, 15 and 30 days of storage at 3.0 AE 0.1 C (Sanyo Labcool Pharmaceutical Refrigerator MPR-720R, Osaka, Japan) and at room temperature (20.0 AE 0.1 C) with a total of 95 samples processed and stored.
Direct contact thermosonication
Preliminary experiments showed higher enzyme inactivation by direct contact TS as opposed to TS processing of packed juice samples. TS processing was carried out with a UP200S (24 kHz) Heilscher Ultrasound GmbH (Germany), using a 3 mm diameter probe tip at 210 mm amplitude (1.3 W/mL). The acoustic energy density of 1.3 W/mL was calculated from the manual specifications power density (W/cm 2 ), probe tip diameter and the volume processed (25 mL). Since there was an increase in temperature during the 10 min sonication process from 40 C to 62 C, the average temperature of 58 AE 5.6 C was considered as the processing temperature. Twenty-five milliliters of juice were added to a 2.5 cm wide and 7.0 cm high plastic cup, yielding 5.5 cm deep juice. The juice sample in the plastic was placed in a thermostatic water bath set at 45 C to get the consistent average temperature stated above, and the ultrasonic probe tip was submerged 2.5 cm. During the TS treatment, manual agitation of the sample with a glass rod was carried out to ensure uniform juice temperature. The thermosonicated samples were transferred into an ice-cooled water bath immediately after processing before further analysis.
Pulsed electric field
The PEF equipment built at the University of Auckland (Alkhafaji and Farid, 2007) was used in this study. This equipment successfully pasteurized beer (Milani et al., 2015) and a high protein functional beverage. It consisted of a high voltage pulse generator (H. F. Power Ltd, Auckland, New Zealand), a treatment chamber with a volume of 251.2 mm 3 and the distance between electrodes of 15 mm. Three liters of apple juice, initially at room temperature (20.0 AE 0.4 C), were processed at 24.8 kV/cm and square bipolar pulses with a pulse width of 2.8 ms, reaching an outlet temperature of 53.8 AE 0.2 C. The flow rate of the sample was 3 mL/s with a residence time of 0.084 s, 721 Hz pulses frequency and a real processing time of 169 ms, considering the number of pulses (60 pulses).
Thermal processing
Although 75 C for 15 s is often used for commercial pasteurization of apple juice, the thermal processing of Royal Gala apple juice was carried out at 75 C for 20 min aiming PPO browning enzyme inactivation and not a microorganism. A water Bath W28 (Grant Instruments Ltd, Cambridge, England) was used for the heat treatment. Juice thermal conduction was minimized by packing a small juice sample in a large surface area pouch, so that the temperature was uniform inside the bag. The samples were fully submerged in the water bath for specified processing times. The samples were transferred into an ice-cooled water bath immediately after processing before further analysis.
Enzyme extraction and polyphenoloxidase assay
All chemicals used were of analytical grade: Catechol, polyvinylpolypyrrolidone (PVPP) (Sigma Aldrich, Steinheim, Germany) and Triton X-100 (Ajax FineChemical, Taren Point NSW, Australia).
The packed juice samples were stored in a refrigerator prior to enzyme extraction, which was carried out within 24 h of each treatment. For each processed/ stored and non-processed juice sample, the PPO enzyme was extracted from the juice and the enzyme activity was measured according to the procedure previously described by Sulaiman and Silva (2013) . The enzyme activity was determined for the raw unprocessed (A 0 ) and processed/stored samples (A). All activity analyses were carried out in three replicates of the processed/stored samples, and the average enzyme residual activity AE standard deviation (RA ¼ residual activity ¼ A/A 0 ) was calculated.
Quality analyses
Sensory assessments. The sensory assessments have been previously approved by University of Auckland Human Participants Ethics Committee (Reference number 012273). The panelists were staff members and graduate student volunteers of the University of Auckland who tasted fresh non-treated and TS, PEF and thermally treated juices. Stored juices were not tasted. Triangle difference and ranking preference tests were used for assessing the overall taste of the processed apple juice. The juice samples were presented at room temperature (20 C) so that differences between juices are easily detected.
For each triangle test session, 25 non-trained judges were presented with three samples (two identical and one different) and asked to select the odd sample. A total of three sessions were carried out to detect the apple juice difference between the following treatments: (i) TS versus thermally treated juices, (ii) PEF versus thermally treated juices, (iii) TS versus PEF-treated juices.
With respect to the preference ranking test, 30 nontrained panelists judged the overall taste of the juice samples. The panelists were given four juices, three treated by TS, PEF and thermal methods and one fresh, non-treated apple juice. Then they were asked to rank the juices in ascending order of overall flavor preference. Drinking water was provided to the panelists for rinsing between different samples.
Soluble solids and pH. The soluble solids value (Brix) of the juices was determined with a Digital Abbe Refractometer DR-A1 (Atago, UK) at 25 C. Distilled water was used to wash the sample prism.
The pH was recorded using a Mettler-Toledo S20 SevenEasy pH meter (UK). The pH meter was calibrated using pH 4 and pH 7 buffer solutions. Approximately 10 mL of juice was placed in a small beaker and the pH was measured at 25 C. The juice was manually stirred to ensure its uniformity.
Antioxidant activity. Antioxidant activity was evaluated as radical scavenging activity (RSA, %) using 2,2diphenil-1-picrylhydrazyl (DPPH) as described by Miller et al. (1995) with some modification. A free radical solution was prepared by adding 2.36 mg of DPPH into 50 mL methanol. Fifty microliters of apple juice and 1.95 mL of DPPH solution were added into a 3 mL cuvette and shaken vigorously. The mixed solution was left in the dark for 30 min. The absorbance of the mixed solution (Abs sample ) and a blank (Abs blank ) of DPPH solution without juice was measured spectrophotometrically at 517 nm. The RSA (%) was calculated using equation (1). The triplicates of samples were used to assess the antioxidant activity.
Color. Color was assessed using the CIE L* a* b* coordinates. The lightness (L*), red-green (a*) and blue-yellow (b*) were measured using a Minolta CR-400 chromameter. The calibration was carried out using a white calibration plate. The apple juice sample was placed in a clear plastic container with a 3.5 cm diameter and 1 cm depth. The sample thickness was 1 cm, and the L*, a* and b* values were measured against a white background, the readings being taken in triplicate. TCD, which is the overall color difference of processed sample (L*, a*, b*) compared to the raw Food Science and Technology International 23 (3) unprocessed sample (L 0 *, a 0 *, b 0 *), was calculated using equation (2) (Silva and Silva, 1999) TCD ¼
Additionally, the following TCD difference classification was used (Drlange, 1994) : 0.0-0.2 not perceptible; 0.2-0.5 very small; 0.5-1.5 small; 1.5-3.0 distinct; 3.0-6.0 very distinct; 6.0-12.0 great; >12 very great.
Statistical analysis
For the triangle taste tests, binomial distribution and adjusted Chi-squared were used to analyze the results. Ranking data were analyzed with the Friedman test and Table J by Newell and MacFarlane (1987) .
For PPO, antioxidant activity and TCD, one-way analysis of variance (ANOVA) (Statistica 12, Statsoft Õ , USA) was carried out to compare the results for different treatments before and after processing and at the end of storage. Tukey's honest significant difference (HSD) test was used to separate the parameter means into groups (p < 0.05), which were labeled with different letters.
RESULTS AND DISCUSSION
Microbial stability of processed samples Microbial analyses were not carried out because the main focus of this paper was PPO inactivation, and assessing color and antioxidant quality during storage. However, the pH, soluble solids and general aspect of the bags during storage can provide some information regarding microbial activity. The TS and thermally processed vacuum-packed juice samples were microbiologically stable during 30 days of storage at room temperature and refrigerated storage, showing no evidence of microbial growth: bags were not swollen and there were no changes in pH and soluble solids. The PEF juice stored under refrigerated condition was also stable for 30 days. The average values of pH and soluble solids of all determinations before and after processing and during storage were 3.65 AE 0.05 and 12.1 AE 0.5 Brix, respectively. However, the PEF apple juice stored at room temperature was not stable. After seven days of storage, the pH dropped from 3.60 AE 0.01 to 2.77 AE 0.01, the soluble solids decreased from 12.5 AE 0.4 to 10.6 AE 0.2 Brix, the vacuum-packed bag started to swell and the juice fermented, indicating microbial growth. Possibly, the PEF treatment was not sufficient for microbial inactivation. Hence, after seven days of storage at room temperature, no more quality assessments were carried out with PEF-treated apple juice.
Although outbreaks of Escherichia coli were registered in Odwalla with fresh unpasteurized apple juice in 1996 and non-processed strawberries (FDA, 2011), the high acidity of most fruit juices (pH < 4.6) such as apple juice reduces the probability of growth of most pathogenic bacteria, and the germination and growth of spores of spoilage bacteria (Silva and Gibbs, 2004; Silva and Gibbs, 2009; Silva et al., 2014) . On the other hand, moulds can be a problem in apple products. Most moulds' spores, spoilage yeasts and vegetative lactic acid bacteria (LAB) commonly found in fruit products, are inactivated upon exposure to 60 C for 5 min (Beuchat, 1998) . In our study, a higher temperature (75 C) for longer time (20 min) was used, ensuring inactivation of the mentioned microorganisms.
Sensory analyses for apple juice processed by different methods
The overall taste of both TS-(at 58 C) and PEF (at 53.8 C)-treated apple juices was significantly different from the taste of the 75 C thermally processed juice (p < 0.05). About 66% panelists preferred the PEF over thermally treated juices, while for TS and thermally processed juices were equally acceptable. The longer exposure (20 min) to high temperature in thermally treated sample could possibly affect the organoleptic properties of the juice by destroying some fresh flavor compounds and generating cooked notes. This problem was previously identified by Silva et al. (2000) with thermally processed cupuac¸u fruit pulp. With respect to PEF vs. TS, PEF was significantly different from TS (p < 0.05), with 75% of panelists preferring the PEF apple juice. The exposure to mild heat for very short time in PEF (160 ms) as opposed to 10 min in TS can be the reason for the difference. Also, the free radical formation (e.g. OH, H) during TS due to the bubbles cavitation and water hydrolysis could react with other constituents of the juice and lead to off-flavors, explaining the difference registered between TS and PEFtreated juice (Ashokkumar et al., 2008; Walkling-Ribeiro et al., 2009 ). Forty-four percent, 19% and 36% of the panelists cannot detect the difference between TS versus thermal, PEF versus thermal and PEF-versus TS-treated apple juices, respectively. In terms of detectable differences between the processed apple juices, while small difference was detected between TS versus thermally treated juices (36%) and PEF versus thermally treated juices (57%), moderate differences were registered between PEF and TS juices (56%) (Figure 1 ). Although differences were detected in the overall taste of juices treated with different technologies, the ranking test demonstrated no preference among PEF, TS, thermal processed or fresh untreated juice.
Other studies carried out with apple, pear, tomato, strawberry and orange juices treated with PEF (35 kV/cm, 1000 to 1700 ms, 40 C) showed similar taste between PEF and fresh juices, and except pear similar taste between PEF-and heat-treated juices at 90 C for 1 min (Mosqueda-Melgar et al., 2012) . Walkling-Ribeiro et al. (2009) reported no difference in the orange juice sensory attributes between the TS (30 kHz, 55 C) followed by PEF (40 kV/cm, 100 ms, room temperature) treated juice and the thermally processed juice (94 C, 26 s). An electronic tongue detected aroma profile differences between three apple juice samples: TS (20 kHz, 60-120 mm, 20-60 C), thermally pasteurized (80 C, 2 min) and fresh untreated (Sˇimunek et al., 2013) . Table 1 shows the effect of different treatments of PPO activity on apple juice after processing and after 30 days of storage at 3 C and room temperature. PPO was partially inactivated with processing, and activation (regeneration) during storage was not observed. TS and PEF juices registered a similar PPO residual activity (RA) of 14.9 and 17.7%, respectively. Thermally processed juice presented a lower value of 3.2%. No significant changes (p < 0.05) of PPO activity were registered during storage for TS and thermal processed samples. For PEF-treated juice, the PPO activity decreased gradually from 17.7 to 11.5-13.5% during storage. Schilling et al. (2008) did not register activation in the PPO of Braeburn apple juice after processing by PEF (30 kV/cm, 100 to 130 Hz, outlet temperatures of 51 and 63 C). A stable PPO activity with no increase or loss of activity has also been observed for guava (Psidium guajava L. cv. Chung shan) puree treated at 88 to 90 C for 24 s, with PPO RA of 16 and 14% after processing and 60 days of storage, respectively (Yen and Lin, 1996) . No change in PPO was noted during 23 days' storage at 14 C of peeled green banana (Musa cavendishi L, cv. Enana) after blanching for 11 min in boiling water ($4% RA) (Cano et al., 1990) . From our results it is evident that after thermal, PEF and TS treatments, PPO does not regenerate during storage. Furthermore, the storage temperature did not affect the enzyme activity.
PPO inactivation and activation studies
Antioxidant activity
Effect of different processing on antioxidant activity. Antioxidants in apple include vitamin C, polyphenols including procyanidins. The loss of antioxidants could be attributed to the reduction of these compounds. Table 2 shows the effect of different processing conditions on the original antioxidant activity (86%) of apple juice. Overall, TS (103%) and PEF (83%) treatment had a lower impact on the antioxidant activity than the thermal treatment (67%), and TS actually increased the antioxidant activity in apple juice (p < 0.05). TS is known to facilitate the extraction of antioxidants from the fruit, which possibly leads to an increase in the measured antioxidant activity. Moreover, the addition of hydroxyl radicals produced during sonication with the aromatic ring of phenolic compound cause the increase in total phenolic count (Aadil et al., 2013) . This has been observed in kasturi lime and grapefruit juices (Aadil et al., 2013; Bhat et al., 2011) . The use of ultrasound, PEF or other non-thermal technology can preserve or sometimes increase the antioxidant potential of the processed juices either due to the release of cell bound antioxidants or by chemical reactions (Aadil et al., 2013; Akhmazillah et al., 2013; Bhat et al., 2011; Odriozola-Serrano et al., 2008) . A 30% increase in the phenolic compounds has been observed in Perola pineapple juice after TS (19 kHz, 3.33 W/mL, T 54 C) (Costa et al., 2013) . Other non-thermal methods, such as HPP (600 MPa, 10 min), have increased the antioxidant activity in honey from 52 to 68% (Akhmazillah et al., 2013) . Antioxidant activity retention (100%) after ultrasound processing was reported in Green Cactus pear juice (20 kHz, 4.8 W/mL, 15 min, 72 C final temperature) (Cansino and Guadalupe, 2013) and Valencia orange juice (0.81 W/mL, 25 C, 10 min) (Tiwari et al., 2009 ). In addition, good retention (90%) of vitamin C was registered in the sonicated strawberry juice (0.81 W/mL, 40 C, 5 min) (Tiwari et al., 2008) . Whole watercress retained better vitamin C content after TS (20 kHz, 125 W, 82.5-92.5 C) than thermal processing at the same temperatures (Cruz et al., 2008) . As opposed to our results, the total antioxidant content of fruit smoothies (apple, orange, strawberry and banana) decreased to about 75% after sonication (20 kHz, 0.32 W/mL, 10 min) (Keenan et al., 2012) .
Regarding PEF, the extremely short treatment (169 ms, 53.8 C) did not change the antioxidant activity Antioxidant activity is the radical scavenging activity using DPPH method; RSA (%) is the percentage of radical scavenging activity; ND: not determined since the sample fermented. For each quality parameters, means followed by different letters belong to different groups (p < 0.05) according to ANOVA and Tukey's HSD test. After thermal treatment at 75 C for 20 min, the antioxidant activity of apple juice was reduced from 86 to 67% (p < 0.05). This result is in agreement with that obtained by Aguilar-Rosas et al. (2007) , with lower levels of phenolics in apple juice after thermal treatment at 90 C for 30 s. Lo Scalzo et al. (2004) registered a decrease in free radical scavenging activity in blood orange juice after pasteurization at 80 C for 1 to 6 min. These findings emphasize the importance of using lower processing temperatures to avoid a reduction in apple juice antioxidants.
Effect of storage on antioxidant activity. The changes in antioxidant activity of the processed juice during refrigerated and room temperature storage are shown in Table 2 . For storage studies, the juice was vacuum packed in retort pouches with very low oxygen transmission rate (<2 cc/m 2 /day) as previously described in the 'Apple juice preparation and packaging' section. The antioxidant activity slowly decreased during the 30 days of storage for all processed apple juices. The highest reduction was recorded after 30 days of storage for TS treated juices, from 103 to 77-74% with no difference between 3 C and room temperature storage conditions (Table 2) . Similarly, storage of ultrasonicated Valencia orange juice (0.81 W/mL, 10 min) in polypropylene tubes for 30 days at 10 C decreased the ascorbic acid by 22% (Tiwari et al., 2009) . This is unexpected for ultrasound as the remotion of oxygen during sonication could provide better stability of antioxidant activity during storage (Knorr et al., 2004) . However, the possible production of hydroxyl radical during sonication could accelerate the degradation of antioxidants especially the ascorbic acid (Ashokkumar et al., 2008) . Also, non-enzymatic degradation of phenolics was explained by the autoxidation of phenolics into quinones. Moreover, other key antioxidants can degrade aerobically and anaerobically during storage and the rates depend on the storage conditions, packaging and processing methods which could explain the degradation for thermal and PEF-treated apple juice in this work (Kabasakalis et al., 2000; Kennedy et al., 1992) .
Regarding PEF-treated apple juice, the antioxidant activity decreased from 83 (after processing) to 67% after 30 days of 3 C storage. A decrease in strawberry juice antioxidant activity from 406 to 289 mmol Trolox/ 100 mL was recorded for PEF-treated juice (35 kV/cm, 1700 ms, <40 C) after 28 days' storage (4 C) in polypropylene bottles (Odriozola-Serrano et al., 2008) . A reduction in the antioxidant activity from 200 to 175 mmol Trolox/mL was observed in PEF-treated carrot juice (35 kV/cm, 1500 ms, <40 C) after 28 days' storage (4 C) in polypropylene bottles (Quita˜o-Teixeira et al., 2009) . Plaza et al. (2006) observed no changes in vitamin C in Valencia orange juice treated by PEF (35 kV/cm, 750 ms, 50 C) after 40 days of storage at 4 C in plastic tubes.
The antioxidant activity of thermally treated apple juice decreased from 67 (value after processing) to 57 and 51% after 30 days' storage at 3 C and room temperature, respectively. Antioxidant activity in thermally processed (80 C, 1 min) carrot juice decreased from around 90 to 80% after 30 days' storage in plastic vials at 4 and 25 C, which was better than tomato juice (a decrease from 70 to 40% in the antioxidant activity) for roughly similar processing and storage conditions (Dede et al., 2007) . A decrease in antioxidant activity in thermally treated (80 C, 11 s) Star Ruby grape from 25 to 15% was seen after 25 days of storage at 4 C (Igual et al., 2010) . These results show that different fruits containing dissimilar antioxidant compounds could exhibit variant effects during storage.
Total color difference
Effect of different processing methods on TCD. Table 3 shows the TCD value after processing and 30 days of storage at 3 C and room temperature. The color of thermal, TS and PEF processed apple juice after processing was similar (p > 0.05). In comparison with untreated juice, the three processes caused distinct color changes (2.1-2.9) according to Drlange's (1994) color classification. Similar to our TS results, 10 min of 0.30 W/mL TS (40 C) on Fuji apple juice caused a TCD of 2.9, while a higher TS temperature (60 C) resulted in a TCD of 3.6 (Abid et al., 2014) . Sonication at room temperature of cantaloupe melon juice yielded a TCD of 1.7 (Fonteles et al., 2012) . The hydroxyl radicals can degrade or increase of antioxidants which cause color changes. Moreover, a process with higher ultrasonic energy density (3.33 W/mL, 10 min) showed a higher TCD in Perola pineapple juice (4.5) (Costa et al., 2013) and in cantaloupe melon juice (6.3) (Fonteles et al., 2012 ) than a lower intensity process, as used in our study ( 1.3 W/mL) and other studies with fruit juices (Abid et al., 2014; Fonteles et al., 2012) . A TCD higher than 5.0 was recorded for apple juice treated by PEF (30 and 35 kV/cm, 75 ms, 42 C) resulting in a bright yellow juice visible to naked eyes due to partial precipitation of particles in the juice (Bi et al., 2013) .
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Apple juices treated at 60-90 C up to 100 s showed no perceptible changes in color (TCD < 2) due to the very short exposure to heat, comparable to our study (10 min) (Krapfenbauer et al., 2006) .
Effect of storage on TCD.
At the end of 30 days' storage, the TCD was similar between juices regardless of the process used. TCD values of 5.0-5.9 and 6.6-6.8 were obtained at 3 C and room temperature, respectively (Table 3 ). The slow increasing trend in TCD could be attributed to the activity of residual PPO and nonenzymatic autoxidation degradation of phenolics into quinones during storage. This degradation occurs aerobically and anaerobically during storage and the rates depend on the storage conditions, packaging and processing methods (Kabasakalis et al., 2000; Kennedy et al., 1992) . The TCD of sonicated (3.33 W/mL, 10 min) Perola pineapple increased from 4.5 to 6.4 after 28 days' storage in glass bottles at 4 C (Costa et al., 2013) . As opposed to thermal (98 C, 21 s), PEF processed (25 kV/cm, 280 ms, 70 C) orange and carrot juices showed no changes in L, C and h color parameters, during eight weeks of storage at 2 C in glass jars. However, storage at 12 C showed higher changes in color for both treatments (Rivas et al., 2006) . High-intensity PEF (>25 kV/cm, <40 C) has been reported to be the best method to preserve the orange juice color in comparison to thermal treatments (Elez-Martı´nez and Martı´n-Belloso, 2007; Min et al., 2003; Yeom et al., 2000) .
CONCLUSIONS
Fruit enzymatic browning is an on-going problem which needs to be minimized by manufacturers. It is caused by PPO, the endogenous fruit's enzyme. This enzyme is readily inactivated by heat. However, with booming research of emerging food preservation technologies such as PEF and TS, enzymatic browning is again a risen concern. This study explored innovative techniques for PPO inactivation which can be used by the food industry. TS-(1.3 W/mL, 58 C, 10 min) and PEF (24.8 kV/cm, 53.8 C, 60 pulses, 169 ms)-processed apple juices resulted in a similar PPO residual activity of 15 to 18% and required 930 and 208 kJ/L of energy for processing, respectively. Thermal treatment (75 C, 20 min) caused higher inactivation of PPO (3.2% RA) and consumed less energy (297 kJ/L). A significant difference was detected in the overall flavor of TS-and PEF-treated apple juices compared to thermally processed juices, with indication of preference for the PEF juice. With the exception of PEF-treated juice stored at room temperature, all processed juices were microbiologically stable at 3 C and room temperature, without any signs of fermentation during storage. During storage PPO did not reactivate, a decrease in antioxidant activity and an increase in TCD were observed. The changes were higher at 20 C. Overall, TS retained the antioxidant activity better, followed by PEF and lastly thermally processed apple juice. Regarding color, no significant difference 6.8 AE 0.6 g ND 6.6 AE 0.1 g a TCD was calculated according to equation (2); ND: not determined since sample fermented. For each quality parameters, means followed by different letters belong to different groups (p < 0.05) according to ANOVA and Tukey's HSD test.
was observed in stored apple juice after processing with different methods. While ambient storage was appropriate for TS and thermally treated juices, refrigerated storage is recommended for juice processed by PEF technology.
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